We present experimental results on the generation of multispatial-mode, single-beam, quadrature squeezed light using four-wave mixing in hot Rb vapor. Squeezing and phase-sensitive deamplification are observed over a range of powers and detunings near the 85 Rb D1 atomic transition. We observe −3 dB of vacuum quadrature squeezing, comparable to the best single-spatial mode results previously reported using atomic vapors, however, produced here in multiple spatial modes. We confirm that the squeezing is present in more than one transverse mode by studying the spatial distribution of the noise properties of the field.
Introduction
The generation of squeezed states of light has been a subject of research since its first experimental demonstration, using four-wave mixing (4WM) in sodium vapor, by Slusher et al. [1] . A variety of techniques for producing different types of squeezing have been explored, each with their own advantages and limitations for particular applications. For example, enhancing the precision of the optical interferometers used for gravity wave detection requires a single-beam, single-spatial-mode, quadrature squeezed state of light, with squeezing at audio frequency sidebands [2, 3] . Highly refined optical parametric oscillators (OPOs) have been developed to meet this need [4] . Continuous-variable quantum computing applications need entangled states, either produced directly in the form of squeezed twin beams or by linear optical processing of single-beam quadrature squeezed states [5] . Further, for quantum computing purposes it is desirable to produce squeezing in multiple frequency [6] [7] [8] or spatial [9] [10] [11] modes simultaneously. Continuous-variable quantum image processing techniques have been proposed that require multi-spatial mode squeezed light or a device capable of acting as a multimode phase sensitive amplifier [12] [13] [14] [15] . Reviews that cover continuous-variable quantum imaging include [16] [17] [18] [19] .
Techniques for producing squeezed light have been based on either parametric downconversion or 4WM in solid materials or on various wave-mixing schemes in atomic vapors. Generally speaking, techniques based on downconversion in solids have produced higher levels of squeezing. While a high level of squeezing is obviously desirable, additional considerations such as the type of squeezed state, squeezing bandwidth, and single/multi-spatial mode character of the state are considerations in evaluating the merits of different techniques for particular applications. For example, light intended to be used with an atomic-vapor-based quantum memory [20] , must have the correct frequency and bandwidth to match the absorption lines of the atomic vapor, and it is thus natural for such purposes to consider atomic-vapor-based squeezing sources. Recently we have found [21, 22] that 4WM in Rb atomic vapor can produce entangled twin beams with intensity-difference squeezing levels approaching the highest quadrature squeezing levels demonstrated with downconversion crystals in an OPO. The 4WM was configured in an off-resonant double-Λ arrangement and relied on coherences between two atomic ground state levels. This arrangement reduces the excess noise that limited earlier 4WM experiments. The large non-linearity of the atomic vapor for near resonant light permits operation without a cavity. This is a very attractive feature that makes performing operations on multiple spatial modes straightforward [23] [24] [25] . In addition, the lack of a cavity simplifies applications in which light must be coupled into the system with low loss, for example when the system is used as a quantum limited amplifier [26] or as a quantum delay line [27] .
Motivated by the success of the double-Λ 4WM scheme in Rb vapor for producing twin beams, we consider here the application of the same basic scheme for the production of singlebeam quadrature squeezed light. We demonstrate that with proper choice of operating parameters this system can produce as much as (−3.0 ± 0.3) dB (−3.5 dB corrected for losses) of squeezing. (All uncertainties quoted in this paper are one standard deviation, combined statistical and systematic uncertainties.) Further, we show that multiple spatial modes are squeezed, making this source of interest for optical image processing. The observed squeezing level compares favorably with the highest level of single-beam squeezing obtained in atomic vapors (−2.2 dB in a cold Cs vapor [28] ), and exceeds somewhat that obtained in Rb vapor specifically (−1.4 dB [29] ), as well as that obtained for multi-spatial mode single-beam squeezing from an OPO with a cleverly designed self-imaging cavity (−1.2 dB [9] ). We have also observed that the squeezing spectrum extends continuously to low frequencies (at least as low as 5 kHz, limited by technical noise in the present experiments).
Experimental setup and results
To generate twin-beam-type squeezing with a double-Λ configuration in Rb vapor we use the configuration shown in Fig. 1(a) [21, 22] . A single linearly polarized pump beam, ν p , is crossed at a small angle by an orthogonally polarized and much weaker probe beam, ν 1 . The 4WM process amplifies the probe and generates a quantum-correlated conjugate beam, ν 2 , on the other side of the pump. High levels of intensity difference squeezing between the probe and conjugate beams are observed when the pump beam is detuned on the order of 1 GHz to the blue of the 85 Rb 5S 1/2 , F = 2 → 5P 1/2 resonance at 795 nm (outside of the Doppler-broadened absorption profile), i.e. when the one-photon detuning Δ, as defined in Fig. 1(a) , is approximately 4 GHz. The probe is tuned to the red of the pump by approximately the ground state hyperfine splitting ν HF = 3036 MHz, and the spontaneously generated conjugate beam is approximately ν HF to the blue of the pump. Corresponding diagrams for the generation of single-beam quadrature squeezing. Here ν 1 and ν 2 are the pumps and ν p is the probe. For both (a) and (b): the width of the excited state in the level diagram represents the Doppler broadened line, Δ is the one-photon detuning, δ is the two-photon detuning, and ν HF is the hyperfine splitting.
Our approach to generating single-beam quadrature squeezing is based on the idea of inverting this configuration as shown in Fig. 1(b) . We would now like to pump with two relatively strong beams with the frequencies of, and along the directions of, the probe and conjugate beams in Fig. 1 (a) and probe with a weak beam having the frequency and direction of the previous pump. Unfortunately, this simple exchange of the roles of the pump and the probe and conjugate beams does not lead to quadrature squeezing of the probe and instead we have found excess noise when the roles of the beams are simply inverted in this manner. This noise is due, at least in part, to extraneous 4WM processes. We have, however, been able to see quadrature squeezing by adjusting the operating parameters. In particular, we found it necessary to tune ν 1 and ν 2 (the two pumps) so that one is above, and the other below, the corresponding atomic resonance as shown in the energy level diagram in Fig. 1(b) . In this case ν p is blue of one resonance and red of the other, whereas in the previous configuration it was blue of both resonances. When the probe beam is injected as shown, this configuration can be viewed as a phase-sensitive amplifier for the probe beam. Using this configuration we have investigated the generation of quadrature-squeezed bright beams, obtained by deamplifying the injected probe. When the input probe beam is absent, this configuration generates squeezed vacuum and we have investigated this mode of operation as well.
In order to implement this scheme we use the experimental setup shown in Fig. 2 . A Ti:Sapphire laser at frequency ν p is tuned approximately 0.8 GHz to the blue of the 85 Rb 5S 1/2 , F = 3 → 5P 1/2 transition (and hence is red of the 85 Rb 5S 1/2 , F = 2 → 5P 1/2 transition, see Fig. 1(b) ). The two pump frequencies are generated by frequency-shifting the light with two double-passed 1.52 GHz acousto-optic modulators (AOMs). One beam (ν 2 ) is upshifted by approximately ν HF and the other downshifted (ν 1 ) by precisely the same amount. The AOM frequency shift, and hence the two-photon detuning δ = ν 1 + ν HF − ν p , is adjusted to optimize performance and is set to −4 MHz for all the data presented here [30] . The beams out of the AOMs (0.5 mW each) are used to seed two tapered amplifiers and thus generate two strong (∼500 mW each) pump beams. The pump beams are spatially filtered with polarizationmaintaining fibers and we obtained maximum powers of 230 mW and 190 mW for the beams at ν 1 and ν 2 , respectively, when the amplifiers were at peak performance. The maximum available power varied somewhat over the course of the experiments and the values used for various data sets are indicated. The two pumps have the same linear polarization which is orthogonal to the polarization of the probe. These pump beams are directed into a 12.5 mm vapor cell filled with isotopically pure 85 Rb heated to 90 • C and with an angle of 0.4 degrees between the beams, as shown in Fig. 1(b) . The pumps are focused with waists (1/e 2 radius) at the center of the cell of 600 μm. After the cell the pump light is filtered out using a Glan-Taylor polarizer and the output probe beam is sent to either a photodiode (when the process is seeded) or a homodyne detector (when the process is not seeded). We start by performing experiments in which the 4WM process is seeded and thus the system acts as a phase-sensitive amplifier (PSA) for the probe. The 4WM process can convert one photon from each of the pumps into two photons of the probe, or vice versa, depending on the phase difference between the pumps and the probe. As the phase of the probe relative to the two pumps is varied, the gain G varies between G > 1 (amplification) and G < 1 (deamplification). In particular, when the phases are set such that the input probe beam gets maximally deamplified, an ideal PSA produces an amplitude squeezed state with a squeezing level equal to G (on a linear scale). The squeezing is in the amplitude quadrature and direct detection with a single photodiode can be used to measure both the gain and the level of squeezing. To perform these measurements we remove the beam block shown in Fig. 2 and seed the process with a weak (60 μW) probe beam with a waist (1/e 2 radius) of 250 μm at the center of the cell where it intersects the pump beams.
AOM
Because of the phase-sensitive nature of the process, a system to lock the relative phases of the pumps and the probe beam is required. We implement such a system by measuring the 3 GHz beat notes between each pump and the probe. We mix each of these signals down to DC using a radio frequency (RF) local oscillator derived from the signal generator which is used to drive the AOMs. This produces two error signals that are proportional to the difference in phase between each pair of beams. We then use these signals to feed back to mirrors mounted on piezoelectric crystals that control the phases of the two pumps relative to that of the probe (feedback bandwidth ≈1 kHz). The phase difference between the input beams can be changed with a tunable RF delay line in one of the beat note signals, making it possible to control the quadrature that is squeezed. Once this phase is adjusted such that the process gives the maximum deamplification, the gain (in this case G < 1) is measured by taking the ratio between the output and input probe powers. The squeezing level is measured by sending the probe to an amplified photodetector whose output is monitored by an RF spectrum analyzer. The standard quantum limit (SQL) is established by measuring the noise on a shot-noise-limited beam having the same power as the output probe. For these measurements the RF spectrum analyzer was set to a frequency of 1 MHz with a resolution bandwidth (RBW) of 30 kHz and a video bandwidth (VBW) of 100 Hz. Figure 3 (a) shows the measured amplitude-quadrature squeezing (green squares) and the expected level of squeezing from an ideal PSA (blue triangles) given the measured gain of the amplifier, all as a function of the one-photon detuning. The expected squeezing levels have been corrected for the 91 % efficiency of the direct-detection system. The measured squeezing is largest at Δ = 2 GHz with a value of (−1.6 ± 0.2) dB. In the region Δ = 1.4 GHz to 2.0 GHz, the observed squeezing is close to that expected for an ideal PSA. For values of Δ outside of this range the measured squeezing is less than that expected for an ideal system, indicating the presence of some additional noise process. When Δ = 0 or Δ = 3.0 GHz the probe (ν p ) is tuned to an atomic resonance (see Fig. 1(b) ). The squeezing degrades as ν p approaches either resonance, suggesting that the additional noise is, at least in part, associated with having this beam tuned near resonance. The gain, and thus the expected level of squeezing, disappears at one-photon detunings around 1.4 GHz. That the gain is minimized between the atomic resonances is to be expected when the contributions to the χ (3) from the two resonances are summed.
Early on in these experiments we observed additional beams exiting from the cell under some conditions. From the directions and behavior of these "extra" beams we infer that they are due to unintended 4WM processes like the ones used to generate twin beams (see Fig. 1(a) ), i.e., processes which involve the probe beam interacting with only one pump and which thus generate an additional conjugate beam on the other side of that pump. Since these extra 4WM processes are independent of the phase-sensitive one that we are interested in driving, they add uncorrelated noise to the probe beam and limit the amount of squeezing that can be obtained. We were originally led to the one photon detuning range used above by searching for a detuning which minimized these competing 4WM processes. Only by doing so were we able to observe squeezing. As noted earlier, this detuning range is different from that used for generating twinbeam squeezing (see Fig. 1 ), for which Δ ≈ 3.8 GHz is typical and no squeezing has been observed for Δ below 3 GHz.
In addition to the 4WM processes that generate visible "extra" beams, less obvious singlebeam 4WM processes can add noise as well. Davis et al. [31] have shown that a single beam propagating through an atomic vapor and tuned near an atomic resonance will acquire excess noise, with the level of this noise depending on the power and detuning of the beam. They attribute this to a forward 4WM process between the carrier and its sidebands. This process amplifies the sidebands which are initially in a vacuum state, leading to excess noise. In our case this would result in a degradation of the levels of squeezing when the probe is tuned near the atomic resonances, as observed. Davis et al. [31] noted an asymmetry in the noise on the two sides of the atomic line. We repeated their experiment for our system and parameters and found that the excess noise blue of the lower (Δ = 0 GHz) atomic line extends further in detuning than the noise red of the higher (Δ = 3.0 GHz) line. This is consistent with our observation that the detuning region where squeezing is observed lies closer to the higher line than the lower line. Since this single beam excess noise is due to mixing of the carrier and sidebands of the probe, it should be possible to largely avoid this unwanted effect by working with a squeezed vacuum probe rather than a bright probe beam. We now explore that idea.
If we do not seed the 4WM process (i.e., if we insert the beam block in Fig. 2 ) the probe field grows from vacuum and the system generates a squeezed vacuum state. Since the number of generated photons is low we use a homodyne detection scheme to measure the squeezing level. For the local oscillator (LO) we use a portion of the Ti:Sapphire laser at ν p . The phase of the LO relative to that of the squeezed vacuum beam is scanned by using a mirror mounted on a piezoelectric crystal, thus selecting different quadratures of the squeezed state. An RF spectrum analyzer is then used to measure the noise level of the signal from the homodyne detector. Figure 4(a) shows the noise level as the phase of the LO is scanned. The settings of the spectrum analyzer are the same as the ones used above.
To obtain an accurate measure of the vacuum squeezing level as a function of different experimental parameters, we implement a feedback system to lock the phase of the LO to the phase of the vacuum squeezed state. Following ref. [32] , where this "quantum noise locking" technique is described in detail, the phase of the squeezed beam is modulated at 5 kHz. This leads to a modulation of the noise power signal measured at 1 MHz. The noise power is then demodulated to produce an error signal which has zero crossings at the minimum and maximum noise levels, making it possible to lock at either of these noise levels. Figure 4(b) shows the noise level with the locking system operational. The noise level remains constant at a level of (−2.8 ± 0.2) dB of squeezing. Taking into account the overall homodyne detection efficiency of 89 % the inferred level of squeezing coming out of the source is −3.3 dB. With the LO locking turned off, and the LO phase sweeping, the measured squeezing level on a trace can be −3.0 dB or slightly better, suggesting that the source is capable of producing at least −3.5 dB of squeezing. Figure 3 (b) shows the vacuum squeezing as a function of the one-photon detuning Δ. In addition to observing squeezing at detunings near 2.0 GHz, as in the case of the seeded process, squeezing is also present in a region centered around 0.8 GHz. This suggests that the single-beam 4WM process of [31] was indeed a limiting factor in the seeded measurements presented in Fig. 3(a) . From Fig. 3 it is apparent that vacuum squeezing is obtained over a larger detuning range, and results in higher levels of squeezing than can be obtained with the seeded process. In any case, the levels of noise reduction obtained in the single-beam configuration ( Fig. 1(b) ) explored here are significantly lower than those obtained for the twin-beam configuration ( Fig. 1(a) ) in the same double-Λ system [21, 22] .
In addition we have examined the dependance of the vacuum squeezing on the pump powers. In performing these measurements we have used the same detunings as were used in Fig. 4 (which were optimized for the maximum pump powers available). As shown in Fig. 5 , squeezing is present over a large range of powers, even as low as 25 mW in each pump beam. The best results are obtained at higher pump powers, but we see a saturation in the squeezing level with pump power, suggesting that higher pump powers will not increase the squeezing level much beyond what has been observed here. We have also explored varying the temperature of the cell and found the optimum was approximately 90 • C. Increasing the temperature beyond this point increases the gain of all of the competing 4WM processes, as well as the absorption in the Doppler-broadened medium, in such a way as to reduce the measured level of squeezing. The noise measurements discussed above were all taken at an analysis frequency of 1 MHz. We have explored the variation in squeezing with the choice of analysis frequency. At the low end we find the squeezing level to be constant down to frequencies where the technical noise dominates, about 5 kHz with the present apparatus. At the high end, with the parameters used for these measurements, squeezing extends up to approximately 10 MHz, however, this depends strongly on the two-photon detuning δ and weakly on the pump power. A study of these effects will be presented elsewhere.
Multimode behavior
One of the most important and distinctive properties of our source of single-beam quadraturesqueezed light is its multi-spatial-mode character. Generating a multi-spatial-mode squeezed state has been a goal of a number of other studies [9] [10] [11] and would enable certain approaches to enhancing resolution in optical imaging systems [12, 14, 18] . A study of the spatial distribution of the noise in the squeezed beam provides a method to distinguish between single and multiple spatial modes. For a single-spatial-mode squeezed state, any loss mechanism, independent of its origin, behaves just as an attenuation. Thus, even if the losses are due to spatial masking of the beam, the level of squeezing (on a linear scale) is attenuated linearly with the loss towards a vacuum state (the SQL). On the other hand, for a multi-spatial-mode squeezed beam there can be a dependence of the noise properties on the spatial variation of the loss, since different regions of the beam are independent of each other. Such a difference in the behavior of the squeezing as a function of spatially varying losses provides a method to distinguish between single and multi-spatial mode character [33] . That is, if the level of squeezing as a function of the attenuation deviates from a straight line it is a signature of the multi-spatial-mode nature of the beam.
We implement three measurements that involve different spatial masking of the squeezed beam. In order to perform the masking we block parts of the LO beam rather than masking the squeezed beam directly. If one were to perform the masking by directly blocking the squeezed beam it would be necessary to modify the shape of the LO as well in order to maintain the mode matching between the squeezed beam after the mask and the LO in the homodyne detection. Fig. 6 . Vacuum squeezing measured at 1 MHz (RBW = 10 kHz, VBW = 300 Hz) for different forms of spatially-dependent losses. We show the behavior of the vacuum squeezing when we cut the LO with an iris (red circles), or with a razor blade from the top (green triangles) and from the side (blue squares). The uncertainties in the squeezing measurements are approximately the size of the symbols. We also show the expected behavior of a single-mode squeezed beam (black curve). Here Δ = 0.8 GHz, δ = −4 MHz. The power in pump 1 is 230 mW, and in pump 2 is 160 mW.
(Failing to do so would imply measuring part of a vacuum mode in addition to the desired squeezed mode.) On the other hand, when performing a homodyne detection, the shape of the LO can effectively act as a spatial filter or mask that selects out the shape of the beam that is being measured. Thus by cutting the LO beam we effectively mask the squeezed beam and the LO simultaneously and avoid introducing any extra vacuum noise that would result from the reduction of the mode matching efficiency described above. The results are shown in Fig. 6 , where we plot the squeezing as a function of transmission when we cut the LO beam radially with an iris (red circles), with a razor blade from the top (green triangles), or with a razor blade from the side (blue squares). We also plot the expected behavior of a single-spatial-mode squeezed beam as a function of the losses (black curve); in this case, as described above, the expected behavior is linear (note that Fig. 6 is plotted on a logarithmic scale). The three different methods of cutting the beam all deviate from the expected linear behavior characteristic of a single-spatial-mode beam. This difference is the signature of the multi-spatial-mode nature of the output from the 4WM process.
We can get an idea of the number of modes in the region measured by the homodyne detection by calculating the number of coherence areas that fit within the detection area, which is determined by the size of the LO. The coherence area is the smallest independent region in the transverse profile of the squeezed beam and thus gives an indication of the smallest resolvable region. A rough estimate of the size of the coherence area can be obtained from the behavior of the vacuum squeezing when the LO is cut with an iris (red circles in Fig. 6 ). Once the size of the iris reaches the size of the coherence area the field behaves as a single mode and thus the squeezing level should start to decrease linearly with transmission. This behavior is not apparent in Fig. 6 , thus we use the point at a transmission around 0.15 as an upper bound for when the size of the iris reaches the size of the coherence area. Given the Gaussian spatial profile of the LO, such a transmission level corresponds to 8 % of its area. Thus, we can estimate that there are at least 12 modes inside the detection region. Note that squeezed light may be generated over a larger area than the full LO detection region, and thus this is a lower limit on the number of squeezed modes that are generated. An accurate measure of the number of modes would require measuring the spatial bandwidth in addition to the size of the coherence area, as was done in [23] for twin beams. A more in-depth study of the multi-spatial mode properties of the system will be presented elsewhere.
From Fig. 6 we can also see that there is a clear difference in how the noise scales with losses when the beam is cut in different ways. In addition, there is almost no difference between the use of a razor blade to cut from the top or from the side of the beam. In both cases the squeezing is lost very rapidly. The difference comes when we use the iris to mask the beam. In this case there is always squeezing and it always has lower noise than would be obtained if one were attenuating a single-spatial-mode squeezed beam by the same amount. The symmetric behavior of the noise with respect to the center of the probe can be explained by the phase matching conditions of the 4WM process. When a photon from each of the pump beams is absorbed in order to generate two photons in the probe beam momentum conservation (see Fig. 1(b) ) only requires that the two photons of the probe are created in such a way that the total momentum perpendicular to the propagation axis of the probe is zero, leading to a symmetry around the axis.
Conclusion
We have demonstrated that 4WM in 85 Rb vapor in a double-Λ configuration can generate multispatial mode single-beam vacuum quadrature-squeezed light with a squeezing level of up to (−3.0 ± 0.3) dB. Using the same double-Λ system as the one used in [21] to generate twin beams, we are able to overcome, with the help of the ground state coherences and relatively large detunings, spontaneous emission and absorption problems present in a number of previous experiments based on 4WM in atomic systems. For our experimental configuration the main limitation to the amount of squeezing that can be obtained is the competition with other 4WM processes that introduce extra noise on the squeezed beam. These competing processes include the phase-insensitive 4WM processes between the probe and one or the other of the two pumps present, which generate additional conjugate beams on the other side of the pump from the probe, as well as single-beam 4WM processes that mix the carrier and sidebands of a bright probe beam. These processes limit the amount of noise reduction that can be obtained with the double-Λ configuration to levels lower than the ones that can be achieved in the generation of twin beams. Inasmuch as the generation of vacuum squeezing does not generate a bright probe beam, the single-beam 4WM process that generates extra noise is not a significant factor in this case. This leads to better squeezing levels for the vacuum-seeded case than for the brightbeam seeded case. In addition to the vacuum squeezing results, we have found experimental conditions where our phase-sensitive amplifier can generate bright-beam amplitude-quadrature squeezing up to a value of (−1.6 ± 0.2) dB.
We find that the generation of squeezed light with this process is relatively robust with respect to changes in the power of the pump beams. Squeezing is observed for a wide range of pump powers; even at powers as low as 25 mW in each pump beam. We have found experimental parameters where squeezing is present for analysis frequencies as low as 5 kHz, and up to 10 MHz. Squeezing is present for different one-photon detunings near the D1 line of 85 Rb. From previous experiments exploring twin-beam squeezing [22] we can anticipate that these results can be extended to the D1 lines of other alkalis, as well as (with more limited success) to the D2 lines of other alkalis. In order to further enhance the squeezing it is possible that one could cascade several low-gain stages, suppressing the build-up of parasitic 4WM processes between the stages, and effectively enabling one to obtain a higher gain. Such experiments should be feasible with current technology.
Finally, we have verified the multi-spatial mode nature of the squeezed beam by studying the behavior of the noise reduction as a function of spatially-varying losses. Such measurements have made it possible for us to determine that squeezing is present in at least 12 transverse modes of the beam, making our system one of the first devices to simultaneously generate a number of single-beam squeezed transverse spatial modes [9, 10] . Such a multi-spatial mode behavior is possible due to the high gain in the medium, which permits single-pass operation and does not require a cavity, which would filter the spatial mode, to build up the field.
In the future, we will investigate the noise figure of the PSA when it is used to amplify signals. In principle, the PSA should preserve the signal-to-noise ratio of the input signal [34] [35] [36] in contrast to a phase-insensitive amplifier [26] , which always leads to excess noise in the amplification process. Due to the multi-spatial-mode character of the PSA, by using this same process we should be able to implement a noiseless image amplifier. The type of multispatial-mode source of vacuum squeezing demonstrated here could enable the exploration of quantum imaging techniques that have been suggested but not yet demonstrated experimentally [12, 14, [16] [17] [18] [19] .
